, confirming that ERK2 is the major MEK substrate in the brain. tors that do not discriminate between the two kinase isoforms, since they all act on the upstream activators MEK1/2. However, until now, no evidence has been proAltered Behavioral Responses in ERK1 duced for specific functions of ERK1 and ERK2 kinases.
Mutant Mice Here we show that ERK1 and ERK2 MAP kinases play
In the absence of evident anatomical abnormalities in specific and distinct roles in regulating synaptic func-ERK1 mutant mice, we evaluated possible behavioral tion. Mice lacking ERK1 manifest abnormal signaling changes associated with the mutation. We began our responses, which are linked to an upregulation of ERK2 behavioral characterization by monitoring basal locoactivity in the brain. These biochemical changes result in motion in ERK1 mutant mice and littermates. Mutant and dramatic alterations of synaptic plasticity in the striatum wild-type mice were individually placed in the activity and correlate with altered behavioral responses depenboxes for 10 min on three consecutive days (Martin et dent on this structure, including a striking increase in al., 2000a). Since the environment is novel, wild-type sensitivity to the rewarding properties of morphine. mice initially show very high levels of locomotor activity, which subsides with time both within and across test sessions. The results showed statistically significant inResults crease in locomotion of ERK1 Ϫ/Ϫ mice, both in horizontal (F 1,95 ϭ 12.101, p Ͻ 0.001) and vertical (F 1,95 ϭ 5.688, p Ͻ In Vivo Loss of ERK1 Does Not Affect Brain Development or Alter Expression of ERK2 0.05) activity (Figures 2A and 2B ), in the first session. Furthermore, whereas wild-type mice showed clear haTo address the in vivo roles of ERK1, we have previously generated protein null mutant mice. These mice are viabituation from day 1 to 3 (p Ͻ 0.001) both in horizontal and in vertical activity, ERK1 mutants retained a signifible, fertile, and of normal size, but manifest deficits in thymocyte maturation (Pagè s et al., 1999). Before examcantly higher activity on day 3, both in horizontal activity (F 1,95 ϭ 17.383, p Ͻ 0.001, genotype effect) and in vertical ining possible effects of ERK1 deletion on synaptic function, we first analyzed the brains of mutant mice for activity (F 1,95 ϭ 26.441, p Ͻ 0.001, genotype effect). Altogether, these results demonstrate a significant differanatomical abnormalities. Histochemical analysis with myelin/Nissl staining ( Figure 1A ) or parvalbumin and calence between wild-type and ERK1 mutants in their basal locomotor features. bindin (not shown) did not reveal any anatomical differences between ERK1 mutant mice and littermate Next, we subjected the mice to two operant conditioning tests with the aim of assessing possible cognitive controls, excluding the possibility of an anatomical alteration in brain development.
dysfunction. We used the active and passive avoidance procedures to test mutant mice since they are reliable To assess the expression profile of both ERKs, and to check for possible compensatory changes in ERK2 and complementary tests for measuring the integrity of the long-term synaptic processes in a number of expression in ERK1-deficient mice, we then dissected selected brain areas and prepared protein extracts. In subcortical structures, including the hippocampus, the amygdala, and the striatum (Schutz and Izquierdo, 1979 Figure 1B ). This is in agreement with previous reports, indicating that, The two-way avoidance ("active avoidance") paradigm is a measure of associative emotional learning and in some brain areas such as hippocampus, ERK2 is the predominant isoform (English and Sweatt, 1996 Sweatt, , 1997 .
reinforcer-driven control of motor activity (Clincke and Werbrouck, 1993). The apparatus consists of two-chamHowever, no differences in ERK2 expression were detected between ERK1 mutant and wild-type mouse bered boxes of the same size and shape with a door in the wall between the two compartments. In the procebrains, indicating that loss of one isoform did not result in compensatory increase of the other. This observation dure, a warning light (conditioned stimulus, CS) pre- 
There is no obvious size reduction in ERK1
Ϫ/Ϫ mice and the cell, and synapse layers of the dentate gyrus and Ammon's horn are normally developed. Perforant path (arrows), fimbria (asterisk), and corpus callosum have normal appearance. (e-h) Details of dorsal striatum showing normal cell density as well as unaffected number and appearance of fiber bundles (arrows) in the internal capsule (magnification 20ϫ). (B) Normal ERK2 expression in ERK1 mutant brains. Immunoreactivity to both anti-ERK and anti-phospho-ERK antibodies of wild-type and ERK1 mutant mice brain extracts (ob, olfactory bulbs; cx, neocortex; st, striatum; hip, hippocampus; hyp, hypothalamus; am, amygdala; crb, cerebellum; pit, pituitary gland, 10 g/lane). In addition to p44 ERK1 and p42 ERK2 , a nonspecific band of p46 (asterisk) is recognized by the anti-ERK antibodies. (C) Quantification of normalized p44 and p42 bands intensities from (B) (C, cortex; S, striatum; H, hippocampus). (D) Embryonic cultures (E16) were prepared from cortex of wild-type mice and then stimulated with 100 M glutamate for the indicated times. Protein extracts (10 g) were separated onto SDS-PAGE and probed with either anti-ERK or anti-phospho-ERK antibodies. Band intensities were quantified as mean from three independent experiments and plotted as normalized relative intensity of both p42 and p44 (ૺૺ p Ͻ 0.001, t test). cedes a mild electric footshock (unconditioned stimulus, shown). Importantly, to rule out the possibility that the result obtained was not due to associative learning, we US) by 5 s and overlaps it for 25 s. Over extensive training (5 days, 100 trials per day), mice learned to associate measured both footshock sensitivity and basal locomotor activity (in absence of shock) in the shuttle box. No the US and the CS, and avoid the US by running into the opposite compartment before the US onset. As shown in statistical differences were seen in either parameter (see inset in Figure 2C for basal activity). Therefore, these Figure 2C , both wild-type and mutant mice gradually but efficiently learned to avoid the electric shock. However, results indicate that ERK1 mutant mice show an enhanced rate of learning in the active avoidance par-ERK1 mutants were significantly faster in learning the task. Two-way ANOVA revealed a significant interaction adigm. Multiple-trial learning paradigms, such as active of genotype and training (p Ͻ 0.01). Post-hoc analysis indicated significant genotype differences on days 2, 3, avoidance, do not allow precise discrimination between behavioral changes occurring at the level of short-term and 4. At day 5, statistical differences between the groups were no longer seen, and both groups apparently (STM) or long-term memory (LTM) formation. This precision is possible, however, with passive avoidance in reached a learning plateau. However, memory retrieval monitored after 5, 10, 20, and 30 days suggested a which short-and long-term memory formation can be probed at 30 min and 24 hr, respectively (Sahgal, 1993) . tendency for superior performance of the KO mice (not Both ERK1 mutant mice and controls successfully for 1 s) of the neocortical inputs to nucleus accumbens resulted in potentiation that was significantly larger in learned to avoid punishment in the dark compartment (main effect of treatment, F 1,16 ϭ 540.664, p Ͻ 0.001) slices from ERK1 knockout mice than in wild-type slices ( Figures 3A and 3D ). Although both groups showed simi-( Figure 2D) , n ϭ 8; 128% Ϯ 7% for ERK1 ϩ/ϩ , n ϭ 10, p Ͻ 0.01). In contrast, the effects of ERK1 deletion mice manifest improved LTM in avoidance tasks. The experimental evidence presented so far suggests that the loss of one of the two ERK isoforms in the brain train consisting of ten bursts of four pulses at 100 Hz, 5 Hz burst frequency) induced LTP in both knockout results in enhancement of long-term synaptic plasticity in some, but not all, forebrain structures, and that this and wild-type CA1, but the LTP in ERK1 Ϫ/Ϫ slices was significantly smaller than in wild-type (171% Ϯ 10% of enhancement might provide the cellular basis for the observed facilitation of LTM. To investigate the molecubaseline for ERK1 ϩ/ϩ slices, n ϭ 8; 143% Ϯ 6% for ERK1 Ϫ/Ϫ , n ϭ 17, p Ͻ 0.05). Surprisingly, however, when lar mechanisms that may underlie this phenomenon, we analyzed the kinetics of ERK activation in ERK1 mutant hippocampal slices were tetanized with two 100 Hz trains of 100 pulses, the magnitude of LTP did not differ and wild-type mice by culturing primary neurons from neocortex and striatum. Activation of ERK signaling was between ERK1
Ϫ/Ϫ and controls (130% Ϯ 13% for ERK1 ϩ/ϩ slices, n ϭ 5; 139% Ϯ 20% for ERK1 Ϫ/Ϫ slices, elicited either by stimulating glutamate receptors or by KCl-mediated membrane depolarization, with similar ren ϭ 3, p ϭ 0.7). Finally, LTP in the basolateral amygdala, elicited with a theta-burst stimulation of the lateral sults. We reproducibly observed that ERK1 mutant cultures responded with a markedly enhanced increase of amygdala, did not differ between the two groups (119% Ϯ 5% for ERK1 ϩ/ϩ , n ϭ 3; 121% Ϯ 3% for ERK1 Ϫ/Ϫ , ERK2 phosphorylation in comparison to wild-type cells ( Figure 4A ). Quantification of three independent glutan ϭ 5, p ϭ 0.60) ( Figures 3C and 3F) . These results clearly demonstrate that the ERK1 mutation did not translate in mate stimulation experiments in cortical and striatal cultures is shown in Figure 4B . In wild-type cultures, we a predictable manner into changes in synaptic physiology: of three brain structures examined, only striatum observed maximum ERK2 phosphorylation at 10-30 min post-stimulus (corresponding to approximately 10-fold manifested an increased synaptic plasticity consistent with the behavioral changes observed in the avoidance increase over unstimulated levels). In all ERK1 mutant cultures, the levels of ERK2 phosphorylation at the same tasks. Importantly, lack of alterations in amygdalar LTP and very limited changes in hippocampal LTP correlated time points were significantly higher, ranging from 20-to 40-fold increase over unstimulated levels, in both with lack of significant impairments in either emotional (contextual and cued fear conditioning tests) or spatial brain structures. This biochemical phenomenon, however, does not seem to be specific of the analyzed cell (Morris and radial maze tests) LTM formation, respectively (data not shown).
types. In fact, we observed a qualitatively similar profile Figure 4D . Interestingly, c-fos and zif-268 activation in ERK1-deficient striatum seemed to be cells, ERK2 is rapidly translocated into the nucleus (not shown). However, lack of specific anti-phospho-ERK2 more persistent than in cortex: at 4 hr after stimulation, RNA levels for both genes in mutant cells roughly correantibodies precluded us to directly determine differences with control cells in either the kinetics or the sponded to 1 hr peak levels of wild-type cells whereas at the same time in cortical mutant neurons signals had extent of kinase translocation. Moreover, since commer- 
M, LTP in ERK1
Ϫ/Ϫ accummanipulations, we chose embryonic fibroblasts since they can be easily cultured and infected with high effibens was significantly lowered when compared to control medium (t test, p Ͻ 0.01), and did not differ significiency with recombinant SFV-based viral particles. In addition, the use of limited amount of viral preparation cantly from LTP in control ERK1 ϩ/ϩ mice (t test, p ϭ 0.8), suggesting that when ERK2 activation is brought allows achieving mild expression levels of the ectopic proteins in these cells. One prediction would be that a close to wild-type levels, LTP also returns to wild-type When we tested the reinforcing effects of morphine shown to have an important role in response to drugs on ERK1 and control mice, significant rewarding reof abuse (Valjent et al., 2000) . sponses to the drug were observed in both groups of To reveal possible alterations in dopaminergic signalanimals (F 1,49 ϭ 14.010, p Ͻ 0.001) ( Figure 8C ). However, ing in our mutants, we treated ERK1-deficient mice with ERK1 knockout mice showed a strikingly stronger drug the D1-specific agonist SKF 38393 and rapidly dissected reinforcement (F 1,22 ϭ 9.446, p Ͻ 0.01) in spending almost striatum. Analysis by Western blot of protein extracts 3-fold more time in the morphine-paired chamber than prepared after stimulation at several time points rethe control animals. vealed a more sustained ERK2 activation in ERK1 muThis last result demonstrates a striking sensitivity of tants than in control mice ( Figure 8A ). These in vivo ERK1 mutants to the rewarding effects of morphine and results were also confirmed by treatment of primary strongly supports the hypothesis that increased synapstriatal cells with the same D1 agonist in vitro (not tic plasticity in the nucleus accumbens of these mutants shown).
has important functional consequences for multiple beImportantly, we also examined IEG induction and found that c-fos levels were significantly greater in the haviors that depend on striatal processing. . In particular, our results confirm that ERK1 is poorly phosphorylated in comparison to ERK2 and is that loss of either ERK1 or ERK2 might result in a significant inhibition of neural plasticity. The availability therefore suggest that p44 may manifest little direct signaling potential in vivo. In addition, our data reported of viable and fertile ERK1 mutant mice has allowed us to test this prediction. Our findings reveal unexpected here, together with our earlier evidence on embryonic fibroblasts derived from ERK1 mutant mice, clearly sugcomplexity of the interplay between ERK1 and ERK2 kinases in brain function. Here we propose a model gest a upmodulatory role of ERK1 on ERK2 signaling. The recent observation that ERK2 mutant mice are emwhich suggests a general upmodulatory role of ERK1 on ERK2 signaling, and we provide evidence for differential bryonic lethal in comparison to the viability of ERK1-deficient animals is in support of the idea that p44 may functions of the two isoforms. The absence of ERK1 does not produce predictable changes in synaptic plasplay an accessory function to p42 (Adams and Sweatt, 2002). Although rather surprising, our findings are not cess" of ERK2 activity, which would deregulate synaptic functions and therefore inhibit LTP in the mutant mice. inconsistent with earlier reports, considering that either Our results obtained by analyzing three key structures inhibition or activation of ERK signaling without discrimiessential for cognitive functions indicate that none of nating between p42 and p44 would mask any regulatory these four possibilities seems to have general validity, action of one isoform on the other. In trying to underalthough some may apply in a structure-specific manstand the molecular basis underlying possible functional ner. Hypotheses 1 and 2 (ERK1 is either totally dispensdifferences between ERK1 and ERK2, several aspects able or absolutely essential for synaptic functions and should be taken into account. For instance, it is possible associated behavioral responses) are clearly not consisthat ERK1 and ERK2 interact with different affinities with tent with the data that revealed LTP changes in two of the upstream kinase MEK1/2, and this fact may affect the three structures analyzed. LTP in nucleus accumtheir activation state. Particularly interesting is the rebens is strongly enhanced and we observed correcent identification of interacting domains on both MEKs sponding changes in behavior. Similarly, LTP in hippoand ERKs which mediate their stable associations and campus was altered, but we failed to detect changes in are necessary for efficient ERK activation. Moreover, to LTP of synapses in the amygdala. We cannot formally complicate the matter, the existence of several scaffold exclude the possibility that our stimulation protocol for proteins for all possible MEK/ERK module combinations amygdala simply failed to detect changes. However, we may also be relevant for a fine tuning of their signaling believe that our assessments of LTP in the amygdala properties (Pearson et al., 2001) .
are was seen by applying both water and radial maze procedures to the mutant mice.
Region-Specific Modulation of Synaptic Plasticity
Taken as a whole, the electrophysiological results in ERK1 Mutants demonstrate an interesting and counterintuitive pattern. We expected that targeted deletion of ERK1 would modThe simplest conclusion is that ERK1 is an important ify synaptic plasticity since alterations in cell signaling modulator of synaptic plasticity, as demonstrated in two and gene expression frequently affect long-term of three structures we examined. The discovery that changes in synaptic strength. Moreover, a significant this modulation appears to limit plasticity in the nucleus body of evidence implicates ERK-dependent processes accumbens but enhance in CA1 was unexpected, but in the induction of LTP. On the other hand, the complexconsistent with the idea that the same signaling moleity of the biochemical phenotype suggested several a cules or pathways may operate differently in different priori possibilities which could be tested in different types of neurons or different structures. In this respect, brain structures. (1) ERK1 does not affect LTP and conthe experiment with a suboptimal concentration of sequently no changes in LTP of the mutant mice would UO126, sufficient to reduce ERK2 activity in ERK1 mube evident. (2) ERK1 is essential "per se" in promoting tant slices to wild-type levels and to rescue the LTP synaptic changes, independently of ERK2, and a general phenotype in the nucleus accumbens, is particularly imreduction of LTP could occur. (3) ERK1 functions to portant for several reasons. First, it demonstrates a modulate ERK2 activity and the strong enhancement of causal link between enhancement of ERK2 activity and the latter would cause an increase in LTP in the mutants. changes in LTP. Second, it confirms that ERK1 is dispensable for normal striatal function, provided that (4) The absence of ERK1 produces a compensatory "ex-ERK2 activity is kept to normal levels by other means. mutants strikingly resembles that found in a transgenic line overexpressing ⌬fosB, a c-fos-dependent protein Third, it provides a strong evidence for different response thresholds to ERK-dependent signaling in the induced in the striatum upon repeated drug injections and believed to be a crucial molecular element for longanalyzed neuronal networks.
Future efforts to link the mechanisms of synaptic plasterm adaptations to pharmacological abuse (Kelz et al., 1999). Future work with genetically modified mice will ticity to learning and memory will need to consider the possibility that physiological effects observed in a target certainly help to elucidate the still largely obscure signaling mechanisms underlying the synaptic plasticity and structure may not apply in the same way to other structures that could also contribute to the tested behaviors.
pathophysiology of the nucleus accumbens. Interestingly, the behavioral phenotype seen in ERK1 then mounted on a Vibratome (TPI) and coronal sections were made chamber and three pairings with saline in the opposite chamber. Saline-treated mice received saline during the 6 days of this phase. for experiments on hippocampus and amygdala, while saggital slices were prepared for nucleus accumbens experiments. Follow-
Experimental

Postconditioning Phase
The test was conducted exactly as in the preconditioning phase ing at least 1 hr incubation at room temperature, slices were transferred one by one to a submersion bath containing kynurenic acid-(free access of each compartment for 18 min, 24 hr after the final conditioning session). Place preference was quantified in terms of free ACSF for recording of extracellular field potentials. For CA1, stimulation was delivered to Schaffer collaterals and recordings time spent in drug-paired side. A score was calculated for each mouse as the difference between postconditioning and precondimade in stratum radiatum; in basolateral amygdala, the stimulation was of lateral amygdala, and the white matter underlying prefrontal tioning time spent in drug-paired compartment. cortex was stimulated to evoke responses in the rostral nucleus accumbens. Pre-tetanus response were monitored once per 20 s
